Drywall installation has an injury rate four times that of the construction industry average. Workers are exposed to hazards related to slips, falls, and falling objects, in addition to the large and awkward loads they must carry. Drywall sheets can weigh more than 100 lb. and contribute to disabling musculoskeletal injuries of the shoulders and back. OBJECTIVE: In this study, an unpowered lift assist device was developed to manage the load of a drywall sheet during the installation process. METHODS: In order to measure the effect of the lift assist device, a laboratory study with 10 healthy male participants performing two lifts, lifting from ground to erect and lifting from erect to ceiling, with and without the help of the device, was performed. These lifts were chosen to simulate a drywall installer's frequent lifting motions. Participants were fitted with electromyography (EMG) on the erector spinae, latissimus dorsi, rectus abdominus, and external oblique muscles to measure activation. Mean, peak, and effort data for the lifting exercises were extracted and compared to the unassisted lift. RESULTS: The lift assist device resulted in a reduction in mean EMG signal of 69% average over both lifts and muscle groups. Peak EMG and effort (i.e., area under the curve) were reduced by 78% and 75%, respectively. CONCLUSIONS: These data demonstrate the effectiveness of the device in reducing compressive back loads during drywall installation, which warrants future development.
Introduction
Undeveloped worksites, exposure to the elements, poor lighting, heavy and powerful equipment, among other factors, make construction trades some of the most dangerous occupations in the world [1] . The fourth most dangerous occupation in the construction industry is drywall installation [2] . Drywall is the flat panel that forms the surface of the interior walls of 1 Current affiliation is United States Air Force.a residential or commercial building. An estimated 97% of new homes are constructed using drywall [3] and worldwide, the drywall industry represents a $48 billion market employing more than 88,000 workers [4] .
At the construction site, workers will place the drywall in a vertical stack against a framing wall or in a horizontal stack on the floor. The sheets, once stacked in the house/building, are cut to the length and height needed to cover the framing. The sheet is lifted into place by the installer and attached to the framing using nails or screws. Figure 1 shows an example of a person lifting a sheet of drywall in a laboratory setting in the manner that it is typically lifted during framing and hanging. There are numerous environmental factors and job tasks that the Occupational Safety and Health Administration (OSHA) cites as potential risks in material handling and most of these are common to the drywall trade. One of the dangers cited by OSHA is low visibility, as it increases the chance of slips, trips, and falls [5] . Drywall workers are exposed to slips and falls at both ground and elevated levels in addition to being exposed to falling materials and tools [6] . Several other dangers in material handling that are relevant for drywall workers are awkward positions (bending, lifting, and carrying), including inadequate handholds that make holding, lifting and carrying objects more awkward, and heavy weight (50 lbs. or more) [5] . Sheets of drywall are always 4 ft. tall, but range in length from 8 ft. to as much as 16 ft. Sheet thickness can vary from 1/4 in. to 5/8 in. in the U.S. market. Thus, the size of drywall sheets can make them difficult to handle, which often results in drywall workers lifting heavy loads in awkward positions on ladders and scaffolding [7] . Further, although the weight of a drywall sheet varies from 30 lbs. to 200 lbs., the typical 4 ft. × 8 ft. × 1/2 in. sheet weighs approximately 50 lbs. The weight of the drywall panel poses a severe threat to the safety and musculoskeletal health of drywall workers during the installation process [8] . On average, the weight of the drywall panel exceeds recommended loading limits for the back [7, 8] . According to the NIOSH Recommended Weight Limit (RWL), the load constant for which is safe for 75% of females and 90% of males is 51 lbs. [9] . The standard drywall sheet is already at this limit. When considering the combination of large loads and awkward positions, the RWL multiplier factors will easily cause the drywall to exceed RWL according to the NIOSH lifting index. In addition to weight, awkward positions, and falls, overexertion also increases a drywall worker's risk for musculoskeletal disorders (MSDs) [5] . High-frequency and long-duration lifting (holding items until installed and repetitive exertions) lead to overexertion. One study found that 28. 1% of injuries in drywall workers was due to overexertion [10] .
The preponderance of data point to the lifting, carrying, and attaching of drywall as the most hazardous phases of the installation process [10, 11] . According to a study of 20 years of workers compensation claims in the state of Washington by Shoenfisch et al. [12] , the rates of back injuries among drywall installers decreased by roughly 70% between 1988 and 2008. However, overexertion back injuries still make a large proportion of overall injuries (17.1%). Efforts have been made to address the risks associated with drywall installation through proper training, however, many workers are set in their ways and change is a slow process [13] . Drywall size is increasing in order to minimize installation time and finishing effort. This increase may present an additional injury risk moving forward.
For more than 50 years, other industries in manufacturing that face similar problems with heavy weights and awkward objects have used lift-assisting devices. While the human user must interface with the object being moved or the machine doing the lifting, the machine bears a majority of the weight and receives input from the user. An example of this application is glass panels being lifted via cable support arms or mobile-base cranes. All these devices are useful in their intended settings, but they often require heavy, fixed bases. Even if the bases are not fixed, they are usually heavy and large, which makes moving through a residential or office building with confined spaces slow and prone to collisions or accidents. Therefore, a new class of lifting device is needed to support the drywall installation industry. The device should have the following characteristics:
• Easily portable in the construction environment by one drywall worker;
• Limits floor loading to 30 lbs. per square foot to meet design loads [14] ; • Limits power consumption to generator capabilities; • Able to reach the entire working envelope (from sheets laying on the ground to a 12-ft. ceiling); • Reduces loads placed on drywall worker's musculoskeletal frame, specifically the erector spinae muscles.
Although some previous studies have attempted to build models [15] or assess sampled positions during installation [8] to estimate or predict the loading on the a drywall worker's back, to our knowledge, no one has actually measured muscle activation during drywall installation. Pan and Chiou [8] estimated that a user lifting a 60-lb sheet using the lower lift described above would experience a back compressive load of 915 lb. The NIOSH [16] recommended working level for the spine is 770 lbs. [17] . Thus, a 15% reduction of stress in the user's back would place the stress within the recommended spinal compression force. In order to determine if our device reduced spinal compression forces by at least this amount, we observed and compared the EMG muscle activation during unassisted and assisted lifting. While the EMG signal magnitudes are not a direct measurement of the spinal disk compression force, they do have a strong correlation [18] . Changes in muscle activation while using assistive devices are often used to evaluate the efficacy of an intervention and to quantify risk during lifting. The goal of this work is to quantify the reduction in loads on the lower back resulting from use of an unpowered lift assist device that was designed and built by the authors.
Methods

Procedures
We developed a lift assist device for drywall installers based on a polar robot configuration (see Fig. 2 ). The base consists of a tripod for stability and wheels for mobility that can be locked during operation for stability. At the top of the base is a two-axis joint that allows for yaw and pitch motions. There is also a telescoping arm that will extend far enough to reach walls and ceilings throughout the working environment without having to relocate the device. At the distal end of the arm is a head that allows for three degrees of freedom to pick up and place a sheet of drywall in three-dimensional space (i.e., roll, pitch and yaw). At the back end of the arm are weights, which are used to counterbalance the head and drywall.
For the purposes of this study a few simplifications were made in the design to reduce fabrication complexity while still enabling the quantification of back loads with and without the device. First, the arm does not telescope. Second, the mechanism at the distal end allows for two (rotation about pitch and yaw axes) rather than three degrees of freedom. Finally, the drywall is bolted to the device rather than using suction cups as would be the case in a real-world device (see Fig. 3 ).
The torque at the pitch axis of the arm is the parameter of primary concern because lifting the sheet requires either a torque at this joint or a force at some point on the arm. In the present configuration, the force is created by the device's user lifting up on the sheet of drywall. The torque required at the pitch axis is given by: 
where I = combined moment of inertia for the arm, counter weights, head, and drywall; ␣ = angular acceleration of the arm; b = viscous damping coefficient for the bearing; ω = rotational speed of the arm; m = combined mass of the arm, counterweights, head, and drywall; and r = distance from pitch axis to the center of mass of the arm assembly. Equation (1) assumes the sheet of drywall remains in a relatively vertical orientation during the lift. Upon inspection, the torsional damping force due to the bearing is much lower than the inertial effects of the arm. In addition, a basic calculation, Beardmore [19] , was used to estimate the friction torque for a singlerow ball bearing. This calculation indicates that the friction torque would be 0.0012 N-m, orders of magnitude below the 85 N-m due to the inertial load. For this reason, we assume that the damping term in Equation (1) is sufficiently small with respect to the inertial term that it can be ignored. The arm position and counterweights are adjusted until the arm is virtually balanced on the pitch axis, which eliminates the third term, leaving only the first term in Equation (1), as shown in Equation (2) .
This torque can be converted into a force that the user would apply at the drywall sheet. Because the torque depends on angular acceleration, it is necessary to determine the motion of a sheet during a typical lifting cycle, which we did by tracking the vertical position of a sheet of drywall (center of mass) Figure 4 shows this profile with respect to time. The motion of the sheet can also be approximated by Equation (3) and is also represented in Fig. 4 . Figure 5 shows the angular position, velocity, and acceleration for the pitch angle of the lift device arm that produces the trajectory in Fig. 4 . The angle of the arm () is negative at the beginning of the lift because the arm pivot is above the center of the sheet when the sheet is resting on the ground. The force expected in the user's hand during the assisted lifting cycle is determined using the second derivative of Equation 3 (acceleration) as input to calculate the force. The force that would be expected in a user's hand during an unassisted lift is determined by the equation (F = ma + mg). Figure 6 shows the expected force in a user's hand during both an assisted and an unassisted lifting cycle. During the unassisted lift, the force in the user's hands is, on average, 250 N. During the assisted lift, the maximum load in the user's hands is 196 N, however, the load decreases to zero during the first half of the lift and then goes negative during the second half. It is expected that the user will experience, on average, a 63% reduction in force during the first half of the lift. During the second half of the lift, when the mass is decelerating, the user will realize a negative force from the assisted lift. This negative force results from the user decelerating the rotating mass. While the deceleration is of equal magnitude to the forces experienced by the user during first phase of the assisted lift, the user is now pulling down on the sheet. This effort results in the load being shifted primarily to the abdominal muscles. While the abdominal muscles do contribute to spinal compressive loads, they have a significantly lower contribution.
In this study, we are interested in evaluating the effect of the lift assist device on compressive loads on the spine. A well-established and widely accepted model of the compressive loads on the back was developed by Schultz [20, 21] . In this model, compressive loads are a function of the erector spinae muscle force, abdominal wall force, rectus abdominus force, and left and right oblique muscles forces. Although the muscle forces cannot be measured directly, their values can be estimated using surface EMG sensors [22] . Each muscle must be analyzed to find the relationship between the signal and force. Once this relationship is known, we can demonstrate that a decrease in the relative magnitude of the EMG signal in a muscle will result in the relative muscle force having been decreased by the same percentage. If we can demonstrate that the EMG signal for all muscles that contribute to the spinal compressive load decreases, we make a similar claim that the compressive load on the spine has been reduced by a similar amount.
Effort, which is the integral of force exerted over time is also important because effort correlates to fatigue throughout the day. If the effort is reduced for each lift, then a person could conceivably work longer. The integrated EMG signal is a commonly used measure for mean force of an activity [23] and a proxy for energy [24] . In the context of this research, we use integrated EMG (i.e. ea under the EMG curve) as a proxy for effort. Although this measure of effort is not the traditional measure, as EMG signal correlates to force, the present definition is analogous.
Data collection
Two types of lifts were studied during this experiment. The first involved lifting a sheet of drywall from the floor to an erect-carrying position (approximately 0.75 m). This motion is the lift most commonly observed in the residential market [8] . During the unassisted lift, the erect-carrying position (see Fig. 7 ) is achieved when the legs are in a full standing position, one arm is in a dead hang holding the bottom of the sheet, and the other hand is holding the top of the sheet. During the assisted lift, the participant was not required to squat down to grab the bottom of the sheet before lifting (see Fig. 8 ). Because the device supported a majority of the load, the participant was only required to grab the machine or the sheet in a manner that was comfortable for him. This lift typically involved the participant remaining standing and guiding the sheet up, with one hand on the device arm and another on the sheet to maintain orientation.
The second lift began in the lifted position previously described. The participant then lifted the sheet so that the top of the sheet reached 8 ft., which is the typical height of a residential ceiling. This lift was performed first as an unassisted lift (see Fig. 9 ), and then repeated as an assisted lift using the lift assist device to counterbalance the weight of the drywall (see Fig. 10 ). With two lower motions and two upper motions, there were a total of four lifting sequences. Each of these sequences (lower-assisted, lower-unassisted, upper-assisted, upper-unassisted) was repeated four times, resulting in a total of 16 lifts that were conducted by each participant. Each participant was assigned a number and a random order was followed for each of the four lift sequences. These lifting motions were chosen because they are the most common positions and most likely to cause injury [8] .
Eight Bagnoli surface electrodes (Delsys Inc., Natick, MA) were affixed to each participant (see Figs. 7-10) on the muscles listed in Table 2 . These muscles were chosen for the major contributions they make during the lifting cycle. The sensors were attached by an experienced technician according to [25] [26] [27] . Double-sided adhesive tape as well as coflex wrap was used to hold the surface electrodes in place. A grounding probe was also placed on the participant's acromion.
All of the sensors and probes were attached to a BNC-2111 connector block (National Instruments, Austin, TX) from which lines fed the data into the computer via a NI 6210 data acquisition system (National Instruments, Austin, TX). The signal was sampled at a rate of 10 kHz. The data were processed in the following order:
1. Low pass filtered at 450 Hz. 2. Bias removed to baseline signal to zero. 3. Full wave rectification. 4. Time shifted so that all lifts started at time (t = 0). 5. Averaged all lifts for a participant of the same type (i.e., upper lift unassisted). 6. Extract data (peak, mean, standard deviation, total effort).
We did not explicitly analyze the difference between left and right side muscles in this study. We do note that although for a given subject EMG signals for left and right sides do differ, they do not differ in the same way between subjects. For some subjects the right side will be higher, while for others, the left side will be higher. For the purposes of this study, we only analyze the average of all EMG readings for a given muscle group.
In addition to the EMG sensors, the participant was fitted with infrared (IR) markers to allow for the capture of 3D motion capture cameras installed in the lab. Although these motion capture data were not factored into this study, they could be used at a later date for a more thorough analysis.
Results
A convenience sample of 10 participants was solicited to complete this study. Although experience installing drywall was preferred, this was not an exclusion criterion given that the device is intended to be used by both professionals and novices. Inclusion criteria included gender (men), age (18 to 45), and no history of back injuries. Table 1 contains a summary of the demographics of the participants.
An example of the output data for the erector spinae for a single lift is shown in Fig. 11 . This particular data set is for the lower lift performed by Participant 2. The signal indicated in the plot is the average of the left and right muscles, as well as the four repetitions of the same lift. This plot is characteristic of the signals generated by all participants and for all lifts. Across all the unassisted lifts a spike in muscle exertion at the start of the lift was recorded, likely due to the acceleration of the drywall. This spike is followed by a reduction in exertion, but is always greater than for the assisted lift. The assisted lift recorded fewer spikes in the EMG signal and a consistently low level throughout the lift.
Mean EMG signal
Across all muscle groups in both the upper and lower lifts, there was an average 69% reduction in mean EMG signal during the lifting cycle. Average reductions were greater for the lower lift than for the upper lift (78% vs. 68%), which is to be expected, given the significant posture change during the lower lift. See Fig. 12 . 
Peak EMG signal
Across all muscle groups in both the upper and lower lifts, there was an average 78% reduction in peak EMG signal during the lifting cycle. Average reductions were greater for the lower lift than for the upper lift (86% vs. 78%). See Fig. 13. 
Effort
Across all muscle groups in both the upper and lower lifts, there was an average of 75% reduction in effort during the lifting cycle. Average reductions were greater for the lower lift than for the upper lift (80% vs. 69%). See Fig. 14 for details. Across all lifts and all muscle groups, the average reduction in mean EMG signal was 69%, which is close to what was predicted (63%). Factors such as posture, location of the load, and EMG-to-muscle force ratios all play a role in the correlation. However, there is a strong correlation between hand loads and EMG signals and there was sufficient reduction in the EMG signals to suggest that the assisted lifting device would significantly reduce the back compressive loads and effort required by the participants during the lifting cycle. This evidence is reinforced by verbal feedback and observations of the participants during the testing.
Individual muscle data
Each of the muscle data values was plotted to demonstrate whether a relationship between the left and right muscles was present, as well as to represent the significance of the reduction in signal due to the lift assist device. The chart in Fig. 15 shows the mean EMG values for the erector spinae muscles during the lower lift by Participant 1. It is representative of a majority of the signals obtained. There are two common characteristics among all participants. First, because the body is not symmetric during the lift, one of the muscles exerts more effort than another. Second, the values for the unassisted lift are higher than those of the assisted lift, with two standard deviations rarely overlapping. Figure 16 shows these data for all 10 study participants.
A t-test (95% confidence) was performed to compare the mean, peak, and effort values for both the left and right muscle signals individually. For example, the mean values for Participant 1's right erector spinae during the lower unassisted lift (four data points) were compared to those of Participant 1's assisted lift (four data points). In a majority of the cases, the t-test showed a significant decrease in muscle activation (p < 0.05).
Effort made by the erector spinae muscle was significantly reduced in 100% of the cases. Effort reduction in the rectus abdominus muscle was significant in an average of 72% of cases, which was the lowest of the four muscle groups. This disparity was expected because the lifting motion mostly uses the erector spinae, latissimus dorsi, and oblique muscles due to asymmetry. These data further validate that the lifting device significantly reduces back compression, which conforms with observations made during actual testing.
Study limitations
The limitations of this study were the small sample size. A more robust number of participants with a wider range in age, height, weight, and experience would provide results more generalizable to the drywall worker population. Another limitation was that the study took place in a lab as opposed to a realworld work setting. Future studies may wish to use the device on drywall workers operating in actual construction environments and under the deadlines and space constraints likely found in a real-world work environment. In addition, it would be beneficial to test the device with a working telescope arm in order to determine what reductions in effort might be found when attaching drywall sheets to the ceiling; fabrication costs made the telescoping arm unavailable for the current study.
Study discussion
The study results indicate that the unpowered lift assist device significantly reduces muscle activation, measured by peak EMG signal, and muscle effort, measured by integrated EMG signal, during motions common to drywall installation. This reduction occurs for all muscle groups measured: erector spinae, latissimus dorsi, abdominus rectus, and oblique. T-tests indicate a significant reduction (p < 0.05) in most cases (10 subjects), however, given the small sample number (4 lifts per person), caution regarding statistical significance is warranted. Still, given the very large average reductions in mean and peak EMG signal (69-86%), it is reasonable to conclude that the lift assist device has a real and practical benefit.
Although the sample size was small, it was representative of the majority of workers in this trade and an adequate number of data points-160-were gathered to offset the small sample size. The strengths of this study include the use of two lifts, upper and lower, each of which was done assisted and unassisted. This aspect of the study design addressed the installation of drywall on both upper parts of the wall and lower parts of the wall-a setup that reflects what drywall workers encounter on the job. The use of 8 electrodes was another strength as it ensured all major muscle groups activated during lifting were being measured.
As shown in Figs. 15 and 16 , a large discrepancy exists between both the muscle activation and the reduction in muscle activation between right and left sides of the body. However, for some subjects the right side has a higher activation and for some subjects the left side has a higher activation. We did not specifically study the potential causes for the left-right side differences. This would be an appropriate subject for a follow up study.
Another interesting result is the larger reduction in muscle activation on the lower lift compared to the upper lift. The lower lift does require the user to squat down during the initial part of the unassisted lift. Because the loads at the users' hands are so much smaller during the assisted lift, most users did not squat at all during the lower lift (see Figs. 7 and 8) . The upper lift does not require a squat in either case, assisted or unassisted. It is possible that this squatting / no squatting motion during the unassisted / assisted lower lift could account for the larger reductions in muscle activation. A biomechanical analysis could shed further light on the larger reduction during the lower lift.
As indicated in Fig. 16 , there was a very large user to user variation in muscle activation during the unassisted lift. The variation as well as the magnitude in EMG signals reduced significantly for the assisted lift. The large variation during the unassisted lift is somewhat of a surprise and would also benefit from a future biomechanical analysis.
The unpowered lift assist device does appear to perform the primary function intended, which was to reduce loads, and therefore risk of injury, among drywall installers. However, the current design has several shortcomings which could be improved in a future design. Specifically, the following functionality would be beneficial:
• telescoping arm to increase the work envelope and limit the need for the device to traverse on wheels during operation; • moveable counterbalance weights to adjust for the telescoping arm and different size sheets of drywall; • feedback control on the counterbalance to actively provide balancing and user effort during lifting; • suction cups to attach drywall to the device quickly; • brake on pitch axis lock position during detaching of suction cups (before counterbalance has had time to adjust); • more degrees of freedom to the head mechanism to allow installation on ceiling or in a vertical orientation, as well as picking up sheets from a horizontal stack.
Conclusions
This study serves to demonstrate that unpowered tools can be adapted to reduce worker injuries in the drywall industry. Using an unpowered lifting device similar to those found in other industries can reduce the mean EMG values measured in drywall workers' backs by 69%. This large reduction in muscle activity suggests that a significant reduction in compressive loads would also be observed. Lowered compressive forces reduce the risk of lifting related injuries and could prolong working years and productivity among drywall workers. The unpowered lifting device developed and tested in this study has the potential to decrease costs associated with worker's compensation and disability by lowering injury rates in this trade. Although considerable development is needed before this device can be successfully deployed in the construction environment, this device, as demonstrated, represents a positive step in addressing the serious health risks associated with handling heavy, awkward loads.
